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ABSTRACT
In this work, we report the discovery of a candidate planetary-mass object with a photoevaporating
protoplanetary disk, Proplyd 133-353, which is near the massive star θ1OriC at the center of the
Orion Nebula Cluster (ONC). The object was known to have extended emission pointing away from
θ1Ori C, indicating ongoing external photoevaporation. Our near-infrared spectroscopic data and
the location on the H-R diagram suggests that the central source of Proplyd 133-353 is substellar
(∼M9.5), and have a mass probably less than 13 Jupiter mass and an age younger than 0.5Myr.
Proplyd 133-353 shows a similar ratio of X-ray luminosity to stellar luminosity to other young stars
in the ONC with a similar stellar luminosity, and has a similar proper motion to the mean one of
confirmed ONC members. We propose that Proplyd 133-353 formed in a very low-mass dusty cloud
or an evaporating gas globule near θ1OriC as a second-generation of star formation, which can explain
both its young age and the presence of its disk.
Subject headings: stars: pre-main sequence — brown dwarfs — circumstellar matter
1. INTRODUCTION
Protoplanetary disks in massive clusters can be
rapidly dissipated (Balog et al. 2007; Fang et al. 2012;
Guarcello et al. 2016). The main physical mecha-
nism driving disk dispersal in these harsh environ-
ments is thought to be photoevaporation driven by
UV photons from the massive stars in the clus-
ters (Johnstone et al. 1998; Sto¨rzer & Hollenbach 1999;
Richling & Yorke 2000; Clarke 2007; Anderson et al.
2013; Facchini et al. 2016). UV photons from mas-
sive stars ionize and heat the gas in the disk sur-
face and induce a gas flow away from the disk when
the sound speed of the gas exceeds the escape veloc-
ity (Johnstone et al. 1998; Hollenbach et al. 2000). Di-
rect evidence for this mechanism is provided by the
large numbers of proplyds found near massive stars
(O’Dell et al. 1993; Wright et al. 2012; Fang et al. 2012;
Kim et al. 2016). The proplyds have cometary structures
with tails pointing away from the nearby massive stars
and are interpreted as the outer regions of disks of young
stars that are being photoevaporated by extreme ultra-
violet (EUV) and far ultraviolet (FUV) radiation from
the massive stars (O’Dell et al. 1993).
Until now, the largest sample of proplyds has been
found to be around θ1OriC, which is an O6-type massive
star in the Orion Nebula cluster (ONC) at a distance of
414pc (Menten et al. 2007). A complete sample of such
proplyds has been cataloged in Ricci et al. (2008). For
our investigation, with the MMT and Magellan infrared
spectrograph (MMIRS McLeod et al. 2012) mounted on
the MMT telescope, we performed near-infrared spectro-
scopic observations of the central stars in a subsample of
the proplyds (Fang et al. in preparation).
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Figure 1. HST ACS color-composite image of Proplyd 133-353
(blue: F555W, green: F658N, red: F850LP). The tail of Proplyd
133-353 is obvious in the HST image in the F658N band. The
arrow shows the direction from θ1OriC to Proplyd 133-353.
In this work, we present a study of an extremely inter-
esting case, Proplyd 133-353 in Ricci et al. (2008). Based
on our spectroscopy, the central object of the proplyd has
a very late spectral type (∼M9.5), which suggests that it
has a mass in the planetary range at the age of the ONC
(1Myr Hillenbrand 1997). We have organized paper as
follows: in §2 we briefly introduce Proplyd 133-353, in §3
we describe our observations, data reduction, and delin-
eate our data analysis, in §4, we present our results and
discussion, followed by a summary in §5.
2. PROPLYD 133-353
2Proplyd 133-353 at RA(J2000.0)=05h35m13.306s,
DEC(J2000.0)=−05◦23
′
52.99
′′
is located southwest of
θ1OriC. The projected distance between them is about
0.11pc. In Fig. 1, we show the HST ACS color-composite
image of Proplyd 133-353 using the HST images from
Robberto et al. (2013). The tail can be clearly seen
in the HST image in the F658N band (green emis-
sion) and extends out to 190 AU. We visually inspected
the HST images of the object in different bands from
Robberto et al. (2013), and found that the tail can also
be clearly detected in the F435W band for ACS/WFC,
and the F336W and F656N bands for WFPC2, which
could be due to the tail showing strong Balmer emis-
sion lines, e.g., Hα (F658N), Hγ (F435W), and Balmer
continuum emission (F336W).
3. DATA AND ANALYSIS
3.1. Near-infrared spectroscopic data
We observed the central object of Proplyd 133-353 dur-
ing the night of 2015 Dec 31 in the MOS mode with
MMIRS, as part of our spectroscopic survey of young
stars in Orion. We used the HK grism and the HK3
filter, and created a mask with 0.5′′ × 7′′ slits, follow-
ing the MMT mask preparation procedure. This setup
yields spectra from 1.25 to 2.34 µm, with an average
spectral resolution of λ/∆λ ≈1100. We took 8 exposures
(8×300 second) for 4 spatially dithering pairs. After the
scientific exposures, we observed one telluric standard
HD 34481 at a similar airmass (airmass differences<0.02)
to our scientific targets.
We reduced the data using the CFA MMIRS pipeline
from Chilingarian et al. (2015). The pipeline can reduce
the MMIRS spectroscopic data in a fully automatic way.
It subtracts pairs of dithered spectral exposures, per-
forms flat-field and residual sky corrections, and recti-
fies the 2D spectra. The spectra are wavelength cal-
ibrated using airglow OH lines, and corrected for the
telluric absorption using telluric standard stars we ob-
served. A detailed description of the pipeline can be
found in Chilingarian et al. (2015).
3.2. Spectral classification
We constructed a set of spectral templates with spec-
tral types ranging from G5 to M9.5, using the spec-
tra of diskless young stars collected with the instru-
ment X-Shooter mounted on the Very Large Telescope
(Manara et al. 2013, Manara et al. in preparation). Tak-
ing the visual extinction as a free parameter, we fit the
observed spectra using the spectral templates which are
reddened with the extinction law from Cardelli et al.
(1989), adopting a total to selective extinction value
RV = 3.1. The best fit is determined by minimizing
χ2red =
1
N−1
∑N
i=1
(Fλ,obs−Fλ,template)
2
σ2
λ,obs
, where N are the
numbers of the wavelength bins, Fλ,obs and Fλ,template
are the observed fluxes and the ones from the spec-
tral templates, respectively, within the wavelength λ
bin, and σλ,obs are the errors in the observed fluxes.
In Fig. 2, we show a comparison of the observed spec-
trum of Proplyd 133-353 and the X-Shooter templates
reddened with the best-fit visual extinction correspond-
ing to the individual templates. We note that the
template with spectral type M9.5 gives the best fit to
the observation. However, a conversion of the spec-
tral type M9.5 to the effective temperature (Teff) is still
uncertain, and could range from less than 2400K to
∼2500K using the different temperature scales in the
literature (Luhman et al. 2003; Rajpurohit et al. 2013;
Herczeg & Hillenbrand 2014). To avoid this uncer-
tainty, we fit the spectrum of Proplyd 133-353 directly
with the BT-Settl atmospheric models with solar abun-
dances from Asplund et al. (2009), and a surface gravity
Log g=3.5, which is suitable for the very low-mass young
substellar objects (Baraffe et al. 2015). As with our pro-
cedure for the X-Shooter templates, we took the visual
extinction as a free parameter, and searched for the best-
fit atmospheric models. Figure 2 shows a comparison of
the observed spectrum and the reddened BT-Settl mod-
els. We found the best-fit BT-Settl models are the ones
with the effective temperatures 2400 and 2500K with
the best-fit visual extinction of 0.3 and 0.7mag, respec-
tively. Thus, in this work, we adopt Teff=2450±50K and
AV = 0.5±0.2 for the central object of Proplyd 133-353.
4. RESULTS AND DISCUSSION
4.1. Masses and ages
We obtained the near-infrared photometry of Pro-
plyd 133-353 from Robberto et al. (2010). The stellar
luminosity of Proplyd 133-353 was derived using dered-
dened J-band photometry, and the J-band bolometric
correction (BCJ=2.12) for Teff=2450±50K calculated
with the BT-Settl models, assuming a distance of 414 pc
(Menten et al. 2007). The stellar luminosity (L⋆) of Pro-
plyd 133-353 is estimated to be 0.021±0.004L⊙. The un-
certainty of L⋆ is calculated considering the uncertainty
in the J-band magnitude, the Teff value, and the extinc-
tion. In Fig. 3 (left), we placed Proplyd 133-353 in the H-
R diagram. As a comparison, we also show other young
stars in the ONC with data collected from Da Rio et al.
(2012), as well as the pre-main sequence (PMS) evolu-
tionary tracks from Baraffe et al. (2015). In the H-R
diagram, Proplyd 133-353 is above the youngest PMS
isochrone (∼0.5Myr) from Baraffe et al. (2015), and has
a much cooler Teff compared with other young stars, but
shows a L⋆ similar to a 0.05M⊙brown dwarf at 1Myr.
Recently, Kounkel et al. (2016) found the mean distance
of the ONC to be 388±5pc. Using this distance estimate,
the L⋆ of Proplyd 133-353 will be reduced by a factor of
1.14, which moves the object down on the H-R diagram
very slightly. Therefore, the object is still very young
(age<0.5Myr) even with this new distance estimate.
Due to the lack of PMS evolutionary tracks at ages
younger than 0.5Myr in Baraffe et al. (2015), it is not
possible to derive its mass and age directly through com-
parison to the PMS evolutionary tracks. Here, we tenta-
tively constrain its mass using the 0.5Myr isochrone from
Baraffe et al. (2015). On this isochrone, the mass of an
object with Teff=2450 is ∼13 Jupiter mass (MJ), which
is much lower than the known lowest mass (42MJ) for
the objects at the centers of proplyds in ONC in the liter-
ature (Robberto et al. 2008). However, this mass might
be an upper limit for Proplyd 133-353, since the Teff
values of young low-mass substellar objects seem to de-
crease during their evolution. The dividing line between
a brown dwarf and a planet is around 13 MJ, as de-
fined by the deuterium fusion mass limit (Burrows et al.
3Figure 2. MMIRS spectrum of Proplyd 133-353 (gray lines). The reddened X-Shooter templates (top) and the BT-Settl atmospheric
models are shown for comparison. For individual templates or models, their spectral types or effective temperature, as well as the best-fit
visual extinctions and the χ2
red
are marked.
1997; Spiegel et al. 2011). Therefore, Proplyd 133-353
could be a planetary-mass object with an age younger
than 0.5Myr. We also use the PMS evolutionary tracks
from D’Antona & Mazzitelli (1997), which gives a mass
∼25 MJ and an age ∼4000 yr. We note that evo-
lutionary models at these young ages and very low
masses have significant uncertainties (Close et al. 2005;
Konopacky et al. 2010), therefore in this work we do not
attempt to conclusively determine the nature of the ob-
ject. Whether in the brown dwarf or planetary mass
category, Proplyd 133-353 is an interesting object for a
detailed study.
4.2. Is Proplyd 133-353 a member of the ONC?
As described in Section. 2, Proplyd 133-353 has a tail
pointing away from θ1OriC, which indicates that its disk
is being dissipated by the massive star. Thus, Proplyd
133-353 should be a member of the ONC. Here, we will
discuss further evidence for the ONC membership of Pro-
plyd 133-353 based on its X-ray properties and proper
motion.
Proplyd 133-353 has been detected by the Chandra
space telescope in Chandra Orion Ultradeep Project
(Getman et al. 2005). In Fig. 3 (right), we show its X-
ray luminosity (LX) over 0.5–8.0 keV band vs. its stellar
luminosity, and compare it with the values from other
young stars in the ONC with the LX from Getman et al.
(2005), and Lstars from Da Rio et al. (2012). The
LX/Lstar ratio of Proplyd 133-353 is similar to those of
other young stars with similar stellar luminosity.
According to the PMS evolutionary models
(Baraffe et al. 2015), the expected L⋆ for Proplyd 133-
353 at an age of 1Myr is 0.00307L⊙, corresponding to
its Teff . If Proplyd 133-353 is a foreground 1Myr old
planet, the expected distance could be ∼160pc, corre-
sponding to the intrinsic luminosity and the observed
brightness. If that is the case, we would expect that
Proplyd 133-353 shows a different proper motion from
the ones of other young stars in the ONC. We derive
the proper motion from the HST archive images in
F775W band observed at two epochs (2005 Apr. vs.
2015 Feb.)4. In Fig. 4, we show the second-epoch HST
4 The first-epoch HST image is obtained from Robberto et al.
4Figure 3. Left: H-R diagram for young stars in the ONC. The filled box is for Proplyd 133-353, and the filled circles show other young
stars in the ONC. The solid lines show the isochrones at ages of 0.5, 1, 3, 5, 10, and 30Myr, respectively, from Baraffe et al. (2015). The
dashed lines present the evolutionary tracks of young stellar/substellar objects with masses marked in the panel. Right: X-ray luminosity
vs. stellar luminosity for young stars in the ONC. The filled box is for Proplyd 133-353, and the filled circles show other young stars in the
ONC. The dashed lines mark LX/L∗ ratios of 10
−2, 10−3, 10−4, and 10−5.
image. The image has been calibrated in astrometry to
the first-epoch image using the common ONC members.
We excluded Proplyd 133-353 in the astrometric cali-
bration; therefore we can measure the proper motion
of the proplyd relative to the ONC. As a comparison,
in Fig. 4 we also show the positions of the stars in
the first-epoch HST image. From the image pair, we
obtain a relative proper motion for Proplyd 133-353,
of µα=4±1 mas/yr, and µδ=−3±1 mas/yr. Therefore,
there is no significant proper motion of Proplyd 133-353
relative to the ONC. However, we cannot exclude the
possibility that Proplyd 133-353 and the ONC have
different motions in the line of sight, given the spectral
resolution (λ/∆λ ≈1100) of our MMIRS data.
In conclusion, the arguments presented above, espe-
cially the cometary structure with a tail pointing away
from θ1OriC and the X-ray luminosity, strongly support
that Proplyd 133-353 is a member of the ONC.
4.3. The Possible Nature of Proplyd 133-353
In the following we will compare the different scenarios
for the origin and nature of Proplyd 133-353.
Theoretical calculations predict that mass loss rates
from disks due to photoevaporation can be on the or-
der of 10−7M⊙yr
−1 within a distance of 0.2 pc from
the ionizing massive star θ1OriC (Sto¨rzer & Hollenbach
1999), which is confirmed by spectroscopic observations
(Henney & O’Dell 1999). The photoevaporation process
can effectively dissipate protoplanetary disks outside the
gravitation radii (rg), where the escape velocities equals
the speed of sound, which is in turn determined by the
UV heating (Hollenbach et al. 2000). With such high
mass loss rates, we would expect a very short disk life-
time for Proplyd 133-353, which is ∼ 103 yr with an as-
sumption of a typical ratio (∼100) between stellar mass
and disk mass.
(2013), and the second-epoch HST image (PropID 13826) is down-
load from http://hla.stsci.edu/
It is well known that there are many tiny dusty clouds,
called “globulettes,” around H II regions (De Marco et al.
2006; Gahm et al. 2007; Grenman & Gahm 2014). The
mean mass of the globulettes is around several×10MJ,
and their mean radius is ∼4000AU (Gahm et al. 2007).
These globulettes are undergoing photoevaporation by
UV photons from the massive stars in H II regions. How-
ever, the shocks generated by photoionization, as well as
the surrounding warm gas, can also exert external pres-
sure on the globulettes, and drive their collapse to form
brown dwarfs and free-floating planets before they are
eroded by photoevaporation (Gahm et al. 2007). Such a
second-generation formation of brown dwarfs and free-
floating planets has been confirmed by the discovery
of dense cores in some of the globulettes (Gahm et al.
2013). Haworth et al. (2015) doubt the possibility that
the external pressure in the form of radiation or ram pres-
sure can drive globulettes to form brown dwarfs or free-
floating planets, and instead they propose the collapse
of the globulettes might be triggered by their collisions
with the shells that borders the expanding H II regions.
If Proplyd 133-353 was formed in such a globulette near
θ1OriC due to either mechanism, we might explain both
its younger age (with respect to the one of the ONC), and
the lifetime of its disk, since its parental cloud can pro-
tect it from direct photoevaporation for a timescale of
105–106 yr (Gahm et al. 2007; Haworth et al. 2015).
Finally, we explore an alternative scenario for
the formation of Proplyd 133-353: Instead of a
photo-evaporating disk it may be an evaporating
gaseous globule (EGG). In the vicinity of massive
stars, a prestellar core can be eroded by the ion-
izing radiation from massive stars, and may form
a free-floating brown dwarf or planetary-mass object
(Hester et al. 1996; Whitworth & Zinnecker 2004). The
final mass of the formed object can be approximated
as 0.010 M⊙ (
a1
0.3 km s−1
)6 (
N˙Lyc
1050 s−1 )
−1/3 ( n0103 cm−3 )
−1/3
(Whitworth & Zinnecker 2004), where a1 is the isother-
5Figure 4. HST F775W-band image of the field around Proplyd
133-353 observed in Feb, 2015. The arrow marks the position of
Proplyd 133-353. The open circles show the positions of the stars
on the HST F775W-band image observed in Apr, 2005. The inset
zooms in on Proplyd 133-353.
mal sound speed in the neutral gas of the core, N˙Lyc
is the emission rate of Lyman continuum photons, and
n0 is the number density of protons in the H II region
around the core. In ONC, we take N˙Lyc ∼ 2.6×10
49 s−1
(Bertoldi & Draine 1996), and n0 ∼ 5.5 × 10
3 around
Proplyd 133-353 (Weilbacher et al. 2015). Assuming
a1 ∼ 0.23 − 0.36 km s
−1 for a prestellar core with a gas
temperature of 15–35K, the expected final mass of the
object formed in the core near Proplyd 133-353 would
be around 2–28MJ, which is consistent with the mass
(13MJ) of Proplyd 133-353.
5. CONCLUSION
We have presented new near-infrared spectroscopy
of Proplyd 133-353, a candidate photoevaporating disk
given its cometary shape. The near-infrared spectro-
scopic data and and the location on the H-R diagram
suggests that its central source is an M9.5-type substel-
lar object with a mass (. 13MJ) close to the planetary
regime, and an age younger than 0.5Myr. Proplyd 133-
353 has been detected by Chandra, and presents a similar
ratio of X-ray luminosity to stellar luminosity as other
young stars in the ONC with similar stellar luminosity.
The comparison of two-epoch HST images suggests that
Proplyd 133-353 has a similar proper motion to the one of
the ONC. We explore two possibilities to explain the exis-
tence of Proplyd 133-353 near θ1OriC, and propose that
Proplyd 133-353 was formed in a very low-mass dusty
cloud or an evaporating gaseous globule near θ1OriC in
a second-generation of star formation, which can explain
both its young age and the estimated lifetime of its disk.
The discovery of Proplyd 133-353 may provide a clue
to understanding the significant peak at 10–20 MJ of
the ONC initial mass function (Muench et al. 2002;
Drass et al. 2016). The second-generation star formation
in the very low-mass globulettes or in the evaporating
gaseous globules could over-populate the objects of the
ONC within such a mass range.
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